Abstract: The present study was conducted to better understand how the phylogenetic diversity of true morels (Morchella) in Turkey compares with species found in other regions of the world. The current research builds on our recently published surveys of 10 Turkish provinces and the northern hemisphere in which DNA sequence data from 247 and 562 collections respectively were analyzed phylogenetically. Herein we report on phylogenetic analyses of 243 additional collections made in spring 2009 and 2010 from eight additional provinces in the Aegean, Black Sea, central Anatolia, eastern Anatolia and Marmara regions of Turkey. Our analysis revealed that five species within the Esculenta clade (yellow morels) and 15 species within the Elata clade (black morels) were present in Turkey. Our preliminary results also indicate that M. anatolica, recently described from a collection in Muǧla province in the Aegean region of Turkey, is a closely related sister of M. rufobrunnea; these two species comprise a separate evolutionary lineage from the Esculenta and Elata clades. Nine species of Morchella currently are known only from Turkey, four species were present in Turkey and other European countries and seven species might have been introduced to Turkey anthropogenically. Three of the putatively exotic species in Turkey appear to be endemic to western North America; they are nested within a clade of fire-adapted morels that dates to the late Oligocene, 25 000 000 y ago. Our results indicate that there are roughly twice as many Morchella species in Turkey compared with the other regions of Europe sampled. Knowledge of Morchella species diversity and their biogeographic distribution are crucial for formulating informed conservation policies directed at preventing species loss and ensuring that annual morel harvests are sustainable and ecologically sound.
Abstract: The present study was conducted to better understand how the phylogenetic diversity of true morels (Morchella) in Turkey compares with species found in other regions of the world. The current research builds on our recently published surveys of 10 Turkish provinces and the northern hemisphere in which DNA sequence data from 247 and 562 collections respectively were analyzed phylogenetically. Herein we report on phylogenetic analyses of 243 additional collections made in spring 2009 and 2010 from eight additional provinces in the Aegean, Black Sea, central Anatolia, eastern Anatolia and Marmara regions of Turkey. Our analysis revealed that five species within the Esculenta clade (yellow morels) and 15 species within the Elata clade (black morels) were present in Turkey. Our preliminary results also indicate that M. anatolica, recently described from a collection in Muǧla province in the Aegean region of Turkey, is a closely related sister of M. rufobrunnea; these two species comprise a separate evolutionary lineage from the Esculenta and Elata clades. Nine species of Morchella currently are known only from Turkey, four species were present in Turkey and other European countries and seven species might have been introduced to Turkey anthropogenically. Three of the putatively exotic species in Turkey appear to be endemic to western North America; they are nested within a clade of fire-adapted morels that dates to the late Oligocene, 25 000 000 y ago. Our results indicate that there are roughly twice as many Morchella species in Turkey compared with the other regions of Europe sampled. Knowledge of Morchella species diversity and INTRODUCTION True morels (Morchella spp.) are the fungal equivalent of charismatic megafauna in that they are among the most easily recognized and highly prized of all edible fungi. Driven by the increasing demand by epicureans and gourmet restaurants, annual spring harvests of wild morels have become a multimillion dollar cottage industry in several morel-rich countries in the northern hemisphere, including China, Pakistan, India, the United States and Turkey (Pilz et al. 2007 ). In addition to the wide availability of wildharvested morels by mail order and in select local supermarkets, the successful cultivation of M. rufobrunnea should make it possible to purchase fresh morels year round (Ower et al. 1986 ).
Molecular systematic studies of Morchella, employing RFLP analyses of the nuclear ribosomal large subunit (LSU rDNA, Bunyard et al. 1995) and internal transcribed spacer region (ITS rDNA) (Buscot et al. 1996 , Wipf et al. 1999 or DNA sequence data from the ITS rDNA (Degreef et al. 2009 , Kanwal et al. 2011 , Kellner et al. 2005 , Masaphy et al. 2010 , Stefani et al. 2010 , were not designed to investigate species limits by means of genealogical concordance phylogenetic species recognition (GCPSR, Taylor et al. 2000) or to develop a robust hypothesis of evolutionary relationships within the genus. Phylogenetic analyses of nuclear small subunit (SSU) and partial LSU rDNA sequence data however support Morchellaceae monophyly (O'Donnell et al. 1997, Hansen and Pfister 2006) and inclusion of the hypogeous genera Fisherula, Leucangium (Hansen and Pfister 2006) and Kalapuya in the family. GCPSR studies employing multilocus DNA sequence data have been conducted to investigate species diversity within 10 provinces, mostly within Aegean and Mediterranean regions of Turkey (Taşkin et al. 2010) and to develop a robust hypothesis of evolutionary relationships and the historical biogeography of Morchella from a global collection (O'Donnell et al. 2011) . In contrast to morphologically based species concepts, the GCPSR studies collectively indicate that Morchella comprises approximately 49 phylogenetically distinct species and that many of these appeared to be restricted in their distribution. In the initial survey of Turkey eight of the 15 species discovered were reported as endemic (Taşkin et al. 2010 ). In addition the disjunct intercontinental distribution of several species in both studies, as reported for true truffles , was hypothesized to have been humanmediated rather than by natural long distance dispersal (LDD).
Given the surprising putatively high endemicity of Morchella in Turkey (Taşkın et al. 2010) , coupled with the fact that this initial survey was restricted largely to the Aegean and Mediterranean regions, the current study was conducted to assess species diversity in unsampled regions of central and eastern Anatolia, the Black Sea and Marmara (FIG. 1) . Based on the results of O'Donnell et al. (2011) and Taşkın et al. (2010) , partial RNA polymerase (RPB1 and RPB2) sequence data were chosen to obtain an initial estimate of species diversity represented by 243 collections from surveys conducted during the 2009 and 2010 growing seasons. Based on the results of this initial screen, 68 Turkish collections were chosen to represent the full range of genetic diversity sampled, together with 15 collections from other European countries in the Swedish Museum of Natural History (TABLE I) and 80 collections representing all the phylogenetically distinct species detected in our global survey (O'Donnell et al. 2011) . The latter survey identified eight species of Morchella in Europe. All of the collections were subjected to full GCPSR analyses with a four-gene dataset that included portions of three single-copy protein-coding genes developed for fungal molecular systematics studies within the framework of the Assembling the Fungal Tree of Life (AFTOL) project ( James et al. 2006 , Schoch et al. 2009 ) and the 59 end of the nuclear large subunit (LSU) ribosomal rDNA (see MATERIALS AND METHODS). The primary objective of this study was to obtain a better assessment of Morchella species diversity in Turkey and to compare them with those found in other European countries and other regions of the world. Beyond the purely scientific objective of satisfying our intellectual curiosity, detailed knowledge of their diversity is crucial for developing informed management practices that ensure this unique genetic resource is conserved (Pilz et al. 2007 ).
MATERIALS AND METHODS
Collections studied.-Of the 490 Turkish collections studied (TABLE II, SUPPLEMENTAL TABLE I) 
in central and eastern Anatolia, the Black Sea and Marmara (FIG. 1) in spring 2009 and 2010. In addition 16 collections from Sweden, Germany and Spain at the Swedish Museum of Natural History (S) were included in the study to aid comparison of the Turkish collections with those from other portions of Europe. We also generated RPB2 DNA sequence data from the isotype of M. anatolica (Işiloglu et al. 2010 ) that we obtained on loan from Kew as K(M)157099. (See SUPPLEMENTAL TABLE I for data on the 490 Turkish collections). Once novel phylogenetic species were identified efforts were made to obtain pure cultures from 1-2 collections following the protocol outlined in O'Donnell et al. (2011) . Partial RPB2 sequence data were obtained from each pure culture to ensure it matched data obtained directly from the specimen. In our experience this step proved to be essential because many of the collections we studied were contaminated with ascospores from other species due to the fact they were collected in bulk. All cultures are stored in liquid nitrogen vapor in a cryogenic fluid consisting of 10% skim milk and 1% DMSO. Most of the species were cultured and are available for distribution from the ARS Culture Collection to promote further study (Hawksworth 2004) .
Taxon sampling and multigene datasets.-Protocols for obtaining total genomic DNA, PCR amplification and DNA sequencing followed those reported by O'Donnell et al. (2011) and Taşkın et al. (2010) . To estimate the genetic diversity represented by the 243 new collections from Turkey and the 16 collections from Sweden, Spain and Germany a portion of the RPB1 and RPB2 genes was sequenced and analyzed phylogenetically via maximum parsimony (Swofford 2002) . Based on the results of this initial screen, a four-gene dataset was constructed for 68 
RESULTS
The degenerate RPB-1A 3 RPB-1C (Matheny et al. 2002) and RPB2-7cf 3 RPB2-3053r (Liu et al. 1999 ) PCR primer pairs successfully amplified respectively the 0.9 kb A-C region of RPB1 and the 1 kb 7-11 region of RPB2 from all collections. For the full four-gene analyses a 1.5 kb region of the protein-coding gene EF-1a and a 0.6 kb fragment at the 59 end of the LSU rDNA also were The map of Turkey (FIG. 1) identifies the 18 provinces where morels were collected.
sampled to implement GCPSR (Taylor et al. 2000) . We found that the quality of DNA sequence data obtained for the RPB1 and RPB2 amplicons and for overlapping fragments comprising most of the EF-1a gene (Rehner and Buckley 2005) was improved substantially by designing internal sequencing primers based on aligned sequences of several members of the Elata and Esculenta clades (Taşkın et al. 2010) . In contrast the NL1 3 NL4 and ITS5 3 NL4 PCR primers used respectively to amplify the LSU rDNA and ITS + LSU rDNA worked well for sequencing the nuclear ribosomal amplicons (O'Donnell et al. 1997 , White et al. 1990 ).
Phylogenetic diversity of the Esculenta clade (yellow morels) in Turkey. (FIG. 3) ; however evolutionary relationships within this clade were unresolved. Mes-18, represented by a single collection from Adana province, was strongly supported (BS 5 100%) as the basal-most divergence within a clade containing Mes-8 from Turkey and several other European countries and Mes-9 from Japan.
Phylogenetic diversity of the Elata clade and Elata subclade (black morels) in Turkey.-MP phylogenetic analyses of the partial RPB1 and RPB2 sequence data SUPPLEMENTAL TABLE II) . Because Latin binomials cannot be applied with confidence the 18 phylogenetically distinct species within this clade are identified by Mes followed by a unique Arabic number. The tree is rooted with sequences of two Elata clade species (black morels, Mel-1 and Mel-10). Numbers above nodes represent MP bootstrap support based on 1000 pseudoreplicates of the data. ML bootstrap support is indicated below nodes only when it differed by $ 5% of the MP value. The photo features Mes-17 (5 HT#493 from Ç anakkale province). (FIG. 5) were investigated with four-gene datasets that differed in that the latter also contained ITS rDNA sequence data (TABLES IV,V). Although DNA sequence data from the nuclear ribosomal internal transcribed (ITS) rDNA region was too divergent to use for phylogenetic reconstruction across the breadth of the genus, due to the number and complexity of indels, these sequences were easily aligned and phylogenetically informative within the Elata subclade. Full GCPSRbased analyses of the Elata clade 55-collection, fourgene (3787 bp alignment, FIG. 4 ) also were present in other European countries (FIG. 6) ; Mel-19 was present in Sweden and China. In addition to Mel-9 three other species, all within the Elata subclade, were received from S as M. elata . The problem of determining which one represents M. elata is complicated further by Mel-23, which probably occurs in Sweden, given that it has been collected in Denmark, Finland and Norway (O'Donnell et al. 2011) . In sharp contrast to the relatively poor representation of the Esculenta clade, five of the 15 Elata clade species in Turkey were represented by 50 or more collections that were geographically widespread based on collections from 7-12 provinces from 3-6 regions (TABLE II) . In addition 12 other Elata clade species were collected in two or more regions (TABLE II) . (Taşkın et al. 2010 ) and 562 collections recently included in a global survey (O'Donnell et al. 2011) .
Arguably the most surprising result of the present study was the discovery that there are roughly twice as many species of Morchella in Turkey (n 5 20) as in all of the other regions of Europe (n 5 11) we sampled. The difference in species diversity might be attributable in part to loss of taxa within central and northern Europe resulting from Pleistocene glaciations, as noted for diverse taxa (Huntley 1990 , Svenning 2003 , Willis 1996 . On the other hand it is worth considering that the difference might be an artifact due to more intensive sampling within Turkey. Based on the observation that six of the nine species currently known only from Turkey were represented by nine or fewer collections from 1-2 provinces, it seems reasonable to assume that additional species with similarly restricted ranges will be discovered in other regions of Europe. This seem plausible given that Mes-1 appears to be restricted to Hungary and the Czech Republic where it might have survived the Pleistocene epoch in a Balkans glacial refugium (Stewart and Lister 2001) . The striking difference in species diversity reported herein suggests that several novel species, especially within the species-rich Elata subclade, might be discovered in topographically diverse countries such as China, Pakistan, India and Mexico where conditions should be conducive for allopatric speciation.
One of the main findings of the present study is that GCPSR analyses of the four-gene datasets support the recognition respectively of 18 and 32 phylogenetically distinct species within the Esculenta and Elata clades. Moreover results of the present study increase the number of known Esculenta and Elata clade species in Turkey from 2-5 and 13-14 respectively with the discovery of Mes-4 in the eastern Anatolian province of Van, Mes-16 and Mes-18 in the Mediterranean province of Adana, Mel-32 in the eastern Anatolian province of Kars, the central Anatolian province of Kayseri and in Kastamonu province on the Black Sea. Mes-4 and Mes-16 might have been introduced to Turkey anthropogenically. Mes-4 is by far the most common Esculenta clade species within eastern North America where it is hypothesized to be native (O'Donnell et al. 2011) , but it has also been collected in France and Germany (incorrectly reported as M. esculenta in Kellner et al. 2005) , and it was represented by F99481 (S) from Germany in the present study (SUPPLEMENTAL  TABLE II ). We also speculate that our two collections of Mes-16, which were made in a greenhouse at Ç ukurova University in Adana province in Oct 2009, represent human-mediated introductions given that this species has been collected only in Hawaii and Java from disturbed areas. Based on an ancestral area reconstruction (O'Donnell et al. 2011) , Mes-16 appears to have evolutionary origins within an Asian clade, which suggests that this species might be extant somewhere in continental Asia.
As noted in Taşkın et al. (2010) we also hypothesize that four species of black morels (Mel-2, Mel -7, Mel-9, Mel-10) comprising one-third of the Turkish collections appear to have evolutionary origins in western North America (FIGS. 4, 6) . These include Mel-2, which with 96 collections from five regions and 12 provinces represents one of the most widely collected black morels in Turkey. The three other putatively introduced Elata clade species all appear to be postfire morels. The available data suggest that Mel-7 and Mel-9 are obligate post-fire species whereas Mel-10 appears to represent a facultatively fire-adapted species (SUPPLEMENTAL TABLE II). The two collections of Mel-9 from Sweden (FIG. 4, F13609 and F13615) were made in May 2000 in Sö dermanland on burn sites (SUPPLEMENTAL TABLE II). We hypothesize that this fire-adapted clade diversified in situ in response to the natural cycle of forest and brush fires in western North America. The origin of this clade has been dated to the late Oligocene, which suggests that adaption to the post-fire niche has been conserved for approximately 25 000 000 y in Morchella (O'Donnell et al. 2011) . Studies are needed to assess whether this phylogenetic niche conservation reflects common life histories as are studies to monitor whether fruiting phenology will be affected by future climate change (Kauserud et al. 2008) . Our data indicate the fireadapted habit evolved convergently and might represent the pleisomorphic condition within the Elata clade because the basal-most lineage represented by Mel-1 (5 M. tomentosa) is also a post-fire species (Kuo 2008 , O'Donnell et al. 2011 .
In addition our preliminary sequence data obtained from the isotype of M. anatolica (Işiloglu et al. 2010) indicates that it is a closely related sister of M. rufobrunnea (Guzmán and Tapia 1988) . Because the latter species is hypothesized to be endemic to anatolica also have might been introduced to Turkey anthropogenically. We favor human-mediated introduction as being more likely than transoceanic long distance jump dispersals largely because most species within North America and Eurasia exhibit high provincialism. In addition morels and agarics (Geml et al. 2006 , Hibbett 2001 appear to be poorly adapted to LDD because they do not produce highly dispersive conidia and their reproductive mode is probably heterothallic. Similarly Bonito et al. (2010) reported that true truffles (Tuber spp.) exhibited high continental endemism and they also invoked human activities to explain intercontinental disjunctions of species within this iconic genus. Based on the observation that all four putatively introduced Elata clade species were collected in association with the widely used forestry species Pinus nigra and P. sylvestris (SUPPLEMENTAL TABLE I), both of which have been introduced to western North America, we hypothesize that the exotic morels might have been introduced to Turkey inadvertently with pines or some other forestry species in association with their root tips or as ascospores or sclerotia in the spore bank (Miller et al. 1994) . Moreover experiments have established that morels can form mycorrhizal-like associations with pines (Dahlstrom et al. 2000) . Also it is worth noting that the majority of ectomycorrhizal introductions appear to be linked to Pinus and Eucalyptus silviculture (Vellinga et al. 2009 ). DNA sequence data from the ITS rDNA region have been used in the majority of molecular systematic studies of Morchella published to date (Degreef et al. 2009 , Kanwal et al. 2011 , Kellner et al. 2005 , Stefani et al. 2010 , Wipf et al. 1999 , however the results are problematic in two important respects. First, this region is too length variable for an alignment that spans the breadth of the genus to accurately reflect positional homology. Second, because type studies have not been conducted it is unclear how to apply names such as M. esculenta, M. crassipes, M. deliciosa, M. elata and M. conica. Therefore it is reasonable to assume that Latin binomials were broadly misapplied in the aforementioned studies. In addition most of the Morchella accessions identified by binomials in GenBank should be viewed with caution, as previously noted for other fungi (Nilsson et al. 2006 , Vilgalys 2003 . To illustrate this point M. elata and M. crassipes were incorrectly reported as paraphyletic taxa because these names were misapplied to several phylogenetically distinct species (Kanwal et al. 2010) . It is doubtful that types for the iconic yellow (i.e. M. esculenta, M. crassipes, M. deliciosa) and black morels (M. elata, M. conica, M. semilibera) exist, and even if they did they would be much too old to yield useful DNA sequence data, even by sampling a multicopy locus such as the rDNA. Therefore efforts should be made to designate topotypes of these species from extant collections so that their nomenclature can be stabilized.
Our results add to a number of studies within the Fungi that consistently have shown that nucleotide sequence data from the RPB1, RPB2 and EF-1a single copy protein-coding genes are more informative for resolving species limits than those from the nuclear ribosomal DNA (Frøslev et al. 2005 , Hansen et al. 2005 , Hofstetter et al. 2007 , Matheny 2005 . For example we found that these three protein-coding genes possessed approximately 2.3-3 times more phylogenetically informative characters (PIC) per base pair than the D1 and D2 domains of the LSU rDNA, based on parsimony analyses of the individual and combined partitions within the Esculenta (TABLE III) and Elata clades (TABLE IV) . However it is worth noting that the ITS + LSU rDNA possessed approximately the same PIC/bp as the single-copy nuclear genes within the Elata subclade (TABLE V) . Parsimony bootstrapping revealed the EF-1a partition provided the strongest support for species monophyly within the 53-collection Esculenta clade dataset (SUP-PLEMENTAL TABLE III) and the 60-collection Elata subclade dataset (SUPPLEMENTAL TABLE V); the EF-1a and RPB2 provided comparable nodal support within the 55-collection Elata clade dataset (SUPPLEMENTAL TABLE IV). It is important to note that more extensive taxon sampling and additional phylogenetically informative loci are needed to resolve evolutionary relationships and species limits within the Elata subclade, given that Mel-17 from China and Mel-30 from the Turkish province of Mugla were represented by single collections and because the monophyly of several others putative taxa within this species-rich subclade was weakly supported by bootstrapping (FIG. 5 , SUP-PLEMENTAL TABLE V). This is particularly evident for Mel-13 from China, India and Turkey because it might represent a paraphyletic grade as provisionally circumscribed. The putative non-monophyly of this taxon highlights the need for studies of poorly or unsampled regions in eastern and southern Asia. Surveys of these underexplored regions should help address whether Mel-13 harbors multiple phylogenetically distinct species as well as contribute to our understanding of Morchella global biogeography and species diversity.
Last, our results have important implications for fungal biodiversity studies in general and morel conservation genetics in particular. Because Morchella harbors many morphologically cryptic species additional GCPSR-based studies are needed to identify and protect the broadest range of species by establishing informed conservation priorities (Hibbett and Donoghue 1996) . Increasing our knowledge of how morel species diversity is distributed spatially and phenologically is crucial for developing sound conservation policies and management practices that concomitantly protect the long-term survival of the species and also help ensure commercial harvests are sustainable. Our results also highlight the need for phylogeographic studies to better assess which species are native or introduced to a particular area to better understand range evolution and the potential for LDD (Geml et al. 2008 ). Hopefully our results will stimulate hypothesis-driven studies to determine which species can form mycorrhizal-like associations (Dahlstrom et al. 2000) or grow endophytically and within what hosts (Baynes et al. 2011 ) to fill in the significant gaps in our knowledge of their biotic and abiotic interactions in nature.
